In 1741 -42, William Brownrigg prepared five papers on fire-damps for the Royal Society in which he articulated a theory of a gaseous state of matter, argued that different sorts of elastic fluid existed, and claimed that atmospheric air was a heterogeneous mixture of various elastic fluids with different properties that had only their elasticity in common. Although these papers were never published, there is a strong possibility that they influenced the later development of pneumatic chemistry, because Henry Cavendish was very probably aware of a good portion of their contents.
INTRODUCTION
The history of pneumatic chemistry in the eighteenth century takes the work of Joseph Black in 1758 as a critical point, because it was in the course of his investigation of the medicinal properties of alkaline substances that he discovered that fixed air (carbon dioxide) was a species of air distinct from common air.
1 Until Black's work, all air was regarded as common air, perhaps mixed vapours such as steam, in much the same way that water could dissolve substances. Subsequently, Henry Cavendish, Joseph Priestley and others followed Black's work by describing many new species of air, and in Cavendish's case by analysing the composition of the atmosphere.
2 Once Black's and Priestley's work had been translated into French in the 1770s, pneumatic chemistry became a subject of investigation in France, 3 and this culminated in Antoine-Laurent Lavoisier's formulation of gas as a third state of matter, given its first full treatment in 1777. 4 Lavoisier claimed that any solid or liquid substance could, when combined with the substance of fire, enter an aeriform state, in which form it could participate in chemical reactions as it did in its solid and liquid forms.
Given this unfolding of the conception of the nature and chemical identity of gases from 1758 to 1777, it is remarkable that William Brownrigg articulated a theory of airs several years before Black's work, in 1741 -42. Brownrigg, a medical doctor working in Whitehaven, suggested in a series of papers read to the Royal Society that there were different species of air. 5 Rejecting the notion that air was one of the four principles of matter held by the Aristotelian and its derivative iatrochemical tradition then still in force, Brownrigg argued that there were many 'elastick fluids', not a single one. He developed his ideas as he wrote his papers, and in the fifth and final paper he claimed that common or atmospheric air was not a homogeneous substance but was composed of various elastic fluids with different properties that hold only their elasticity in common. He deliberately extended his theory beyond Robert Boyle's ideas that vapours were particles suspended in the air, while not sharing the same nature as air. 6 Although allowing that vapours could form in this way, Brownrigg argued that different kinds of elastic fluid made up the atmosphere, each of which reacted with solids and liquids differently according to their properties. However, because Brownrigg did not publish these papers except half of the fourth one in 1765, they were not known except to a limited group, and his work has remained unknown. There is, however, some evidence that Cavendish knew of the papers.
In this paper, after giving some background on his work, I look at Brownrigg's ideas on pneumatic chemistry as he developed them in his papers, focusing on the first two and last two of his papers, in which his ideas on airs are most clearly laid out. The third paper is about the relationship between mineral exhalations and disease, and I leave that aside. I then conclude by looking at the sources of his ideas, particularly his medical background, and his possible influence on Cavendish.
WHITEHAVEN
Brownrigg's work on airs began soon after he finished his medical studies in Leyden and arrived in Whitehaven in Cumbria in 1737 to act as the local physician, a position that had just become available with the death of the person previously holding the post. 7 One of the local gentry who consulted him in this new capacity was Sir James Lowther, a colliery owner who was to become his patron in promoting Brownrigg's research. 8 In addition to treating the wealthy, Brownrigg also saw many miners who suffered from exposure to suffocating and sometimes toxic exhalations in mines, known as 'choakdamps'. These were typically carbon dioxide, although some hydrogen sulphide was also present. Brownrigg also encountered miners injured and burnt by underground explosions that occurred when their lamps and candles ignited the methane sometimes emitted by coal. These 'fire-damps', as they were known, were becoming more common in mines in the area.
In 1737, just after he arrived in Whitehaven, a particularly devastating explosion killed 22 miners, an incident that seems to have prompted Brownrigg to try to understand the nature of these damps better so as to be able to treat the ailments and alleviate the dangers associated with the damps. Even before Brownrigg arrived on the scene, Lowther had already been investigating the nature of fire-damps in his mines, which had been getting ever deeper over the years, and the sometimes tragic consequences of fire-damps were increasing in frequency. Lowther, working with his steward Carlisle Spedding, had already arrived at one method of reducing the threat from damps. This was a form of ventilation for the mines that consisted of blowing air down one shaft to exhaust the damps through another. Spedding had also invented a way of lighting by sparks created using a steel disk grinding L. Tomory a flint, a process that did not ignite the damps. Despite these measures, the damps continued to be a problem. 9 Lowther's interest in them extended to making a presentation to the Royal Society in 1733 during which he burned damps he had previously trapped in bladders. 10 Brownrigg, like Lowther, was assisted in his research by Spedding, whom he had treated on a number of occasions for exposure to choke-damp. 11 Spedding presented a preliminary paper to the Royal Society in 1741 in which he discussed the Hind Pitt where their investigations were performed. 12 He described the pit as one of the deepest in Britain, producing a great quantity of fire-damp. Lowther's workers had sunk the mine deeper into a coal seam in 1737, and found fire-damps there that persisted after the area had been drained of water. To mitigate the dangers that the damps posed, the lateral tunnel where they were found was connected to a second pit through which air was circulated to vent them up the Hind Pitt. This arrangement was adequate for some time, but when a miner carrying a torch ignited the ascending damps, causing him injuries, it was decided to install wooden boarding along the sides of the seam where the damps were generated. A square pipe measuring two inches across was then constructed to lead the damps trapped behind the boards to the surface. Spedding wrote in his paper that the foul air came up thro' the pipe with a good deal of force, which pipe we continued up to the top of the pitt being above 150 yards, where we have branched the pipe into three . . . where the foul air issuing we set fire to it & it continues in constant flames about a foot diameter and half a yard in length at the end of each pipe.
Spedding added that this flame had been burning for three years without ceasing. 13 He did not go much beyond his descriptions of the mines, other than to observe that there were more damps in deeper mines, either because the 'generating principle' of the damps was at the centre of the Earth, or because deeper coal had more of this principle.
BROWNRIGG'S FIRST TWO PAPERS
The first two papers, dated 16 April 1741, were presented as one and represented Brownrigg's first thoughts on the origin and nature of the damps. In the papers, Brownrigg described the damps arising from 'crevises' in the coal by using Newtonian notions of air and vapours.
14 He stated that they are 'very subtile and elastic mineral bodies, or a kind of true permanent air; being composed of particles which mutually repel & fly from each other, and which long retain their expansive quality'. 15 The central argument of the first two papers was that the fire-damps must have been generated within the depths of the Earth, and they could not be atmospheric air that had somehow made its way deep underground. The damps must have come from the substances among which they were found. 16 To demonstrate this assertion, Brownrigg constructed an argument based on the relative ease with which water and air moved through layers of rock. Because water did not go through strata of solid rock, then neither could air, against which rock was less permeable. The mines that branched out underneath the sea show just how impermeable to water and therefore to air these strata of rocks were, 17 and he concluded that the fire-damp 'must therefore have been generated in or nigh those strata wherein it is found lodged'. last papers. Because water in some cases did find its way down through cracks in the rocks, Brownrigg argued, the damps could likewise go up via the same routes that the water followed on its way down. 19 The relatively greater difficulty that damps faced in moving up through the rock explained why they built up in deeper mines. 20 As the quantity of damp continually increased, with little or no means of being vented to the surface, it became greatly compressed so that when it was released it expanded with violence. Brownrigg referred to a specific instance of a borehole sunk in a mine near Saltham, where the violence of the freshly released damps caused mud to burst out of the hole.
After having shown that the damps must originate in the ground, Brownrigg then turned to the question of the nature of these damps, which he did not consider to be a difficult problem to address: 'nor need we be at a loss to explain in what manner large quantitys of inflammable mineral air or fire-damp may be continually generated in the bowels of the earth'. 21 Such phenomena had been discussed by Boyle and Stephen Hales, who had shown that large quantities of permanently elastic air could be generated from all sorts of vegetable and animal substances by means of vacuum, fire, fermentation or other processes. Hales had referred to these air as 'fixed' because they were contained within solids and were released by the various processes he had described in the Vegetable Staticks (1727). 22 Brownrigg even offered a suggestion as to what kinds of vapours these damps were: they were the same inflammable air that Boyle had described in New Experiments Touching the Relation Betwixt Flame and Air (1672). In this work, Boyle detailed how he generated inflammable 'smoak' or 'steam' from iron by dissolving it with a 'saline spirit' (hydrochloric acid). When Boyle observed the vapours, he supposed that they were 'metalline sulphurs' released from the iron. He was in fact generating hydrogen, and this seems to have been the first description of this process of generating the gas to appear in print. 23 Brownrigg then supposed that fire-damps were produced by the dissolution of iron by vitriolic acid (sulphuric acid), a reaction that also generated hydrogen. He noted that the rock strata where damps were found 'abound in a sulphereous and vitriolic pyrites' that when dissolved in an 'aqueous mentruum' are 'so violently agitated, that several of their more subtile & inflammable particles may be excited to exert their repulsive quality, and to assume the form of a permanently elastic fluid'. 24 The source of the damps was not coal but the iron, sulphur and pyrites (iron sulphide) frequently intermixed with coal. He noted that fire-damps and the vapours Boyle discovered have the same smell and similar properties: they could, for example, both be absorbed by water. Despite this similarity, however, Brownrigg noted some differences between the two inflammable airs. Specifically, fire-damps left behind soot when burned, unlike the liquid that came from burning 'sulphur'. 25 He then moved on to discuss some of the properties of fire-damps. He noted that they were less dense than common air because when they inflamed in mines they typically stayed close to the roof of the tunnel. They were not noxious, unlike the choke-damps, which could kill, but presented dangers from explosions when exposed to candle flames. 26 Brownrigg also observed that when collected in a bladder and burned, they did not explode. He explained this by suggesting that the damps exiting from the bladder did not allow the flame to enter. 27 The rest of the first two papers included descriptions about explosions in mines and a discussion about how to make them safer for miners. He suggested inhaling alkali (ammonia) when choke-damps were present as a way to counteract their noxious L. Tomory properties. He even tried this out by entering a part of a mine where choke-damps were common, and when he felt their effects he inhaled alkali, which helped him recover his balance. Miners should use rags soaked in urine in similar situations, he recommended. 28 THE FOURTH PAPER Brownrigg returned to the question of the nature of airs in the fourth paper, which was dated 8 April 1742, or almost a year after the first two. In the first two papers he had not yet gone beyond the generally held opinions with regard to the nature of airs, seeing them as vapours released from solids by various processes. His thinking on the matter had clearly evolved in the intervening year, and his treatment of airs was now more detailed. Although the fourth paper did not contain a fully developed statement of gas as a state of matter, Brownrigg argued in it that materials in an elastic state have the same effect as solids or liquids on substances, and in particular the human body, but with greater violence. Medical reasoning was a key inspiration for Brownrigg as he thought about the nature of damps, and he referred to the effects of gases on the human body throughout the fourth paper. He was inspired in this regard partly by Joan Baptista van Helmont, who, according to Brownrigg, recommended 'a more frequent use of those furious incoercible spirits & volatile fumes in the practice of physick justly observing that no other kind of medicine operates so suddenly & so powerfully upon the human body'. 29 It was in fact van Helmont who had first coined the term 'gas' to describe the incoercible spirits that escaped during the course of so many chemical operations. 30 These spirits that had such effects on the human body, Brownrigg claimed, should not be considered the same as common air: 'Nor can we, because those spirits of fountains are flatulent and elastick, thence reasonably infer that they agree with common air in every other respect as many are too apt to imagine.' 31 He further developed this line of thought by stating that the elastic particles that came from dense bodies varied from each other as much as the originating bodies did, and shared some of their characteristics with these bodies. For example, air produced from distilling grease (largely methane and hydrogen) was inflammable, whereas mephitical air from oak (mostly a mixture of carbon dioxide and nitrogen) extinguished flame. Chokedamps were often described as being mephitical air. Brownrigg then reiterated that airs had different effects on substances:
The particles, therefore of dense bodies when they are separated from each other & assume a repulsive quality are not always reduced to common air, but to different kinds of elastick fluids, which frequently retain the qualities of the dense bodies from which they were generated; & by being reduced to an elastick state become more active & penetrating & operate much more suddenly & violently upon the human body; as the fumes of quicksilver & the vapour of water by their effects do sufficiently prove. 32 Brownrigg ended the paper by discussing mineral waters, and suggested that perhaps they were created when exhalations of various sorts lodged in water: 'there may also be various kinds of mineral spirits & that water may be capable of imbibing several kinds of these exhalations, which it meets with in the bowels of the earth.' Peter Shaw and Stephen Hales had shown how 'these aereal spirits may be extracted' from solids.
THE FIFTH PAPER
It was in the fifth and final paper, presented on 13 May 1742, that Brownrigg most fully developed his theory of the nature of damps and airs. In it he effectively presented an argument for the existence of a third state of matter, and claimed that the atmosphere was heterogeneous mixtures of different elastic fluids, making a clear distinction between these elastic fluids and the vapours of the corpuscular sort described by Boyle.
He began by arguing for the usefulness of pneumatic chemistry as an academic pursuit. The knowledge of the subterranean exhalations was worthwhile not only for the purposes of medicine and safety in mines, but also for natural philosophy because of the chemical activity of airs. Such knowledge was important, he claimed, because it would lead to a more clear & perfect knowledge of the air of the atmosphere; a fluid of the highest importance both to the vegetable & animal creation & which is found to be exceeding operative in every part of nature & to have a very remarkable share in almost all the changes produced in bodys. 34 He then returned to fire-damps and their effects, arguing that not only did they have an effect in the confined spaces of mines, but they also continued to do so when they mixed with the atmosphere. This was because vast stores of the damps were regularly released into the atmosphere, and in some places 'in such quantitys as are perceptible to our senses'. Firedamps, generated from vitriolic acid and iron, were being produced not just where they were observed in mines but everywhere in the world, and they were being exhaled in more or less copious quantities. Similarly, mephitic exhalations that created choke-damps were being released even more universally than fire-damps, and they too mixed with the atmosphere. 35 Having asserted that damps were constantly entering the atmosphere in large quantities, Brownrigg then moved his argument to the atmosphere and common air, which he presented as being in a state of constant flux:
From considering therefore the vast quantities of damps and elastick exhalations which are everywhere generated in the bowels of the earth, & from thence continually expire into the atmosphere, it seems highly reasonable to believe that that large & constant expance of air absorbed from the atmosphere by vegetables and animals, & consumed by fire & by various other ways continually reduced to a fixed state, is, in a great measure, again repaired by those elastick exhalations which continually arise from the subterraneal regions of the earth. 36 He recognized that Boyle and Newton had made similar arguments about particles being suspended in common air, creating mixtures, but while allowing that this did happen he argued that air was not homogeneous:
And hence we discover that the atmosphere which surrounds us is not only a confused chaos of all kinds of bodies reduced into minute particles & suspended in common air, but that even this air itself, when pure & uncontaminated, is also a very heterogeneous body, composed of many different kinds of elastick fluids, all indeed agreeing in one common repulsive quality, but in several of their other properties differing widely one from another.
He presented elastic fluids as being analogous to liquids, effectively arguing for the existence of another state of matter, but one that was more difficult to study and understand because it was less liable to being perceived:
The nature of the air thus composed of several elastick fluids may be better conceived by comparing it with other compound bodies which are more the objects of our senses. Having argued that elastic fluids mixed as liquids did, he returned to the composition of the atmosphere, arguing that it was 'not a simple homogeneous body like water', but was made of different 'elastick ingredients'. This, he claimed, was demonstrated by the varying effects that 'aereal particles' had on bodies, which showed that they had different natures. He specifically pointed to how water did not dissolve the 'whole mass of common air, but only some particular parts of it', as Hales had shown. Brownrigg proceeded to recommend directions for further research into the atmosphere:
in order to obtain a full & perfect knowledge of this heterogeneous fluid it will be necessary to examine those different kinds of air which enter its composition; . . . to inquire what changes may result from their coalitions & combinations amongst one another; and so discover what are the qualities which each ingredient imparts to the atmosphere. 37 Brownrigg then discussed what the components of the atmosphere could be, listing several. He supposed that the part of the atmosphere that is the 'pabulum of fire' was constantly being replenished; otherwise it would be exhausted by the fires that burn everywhere. He suspected that the pabulum was something that resembled fire-damp and other 'sulphureous exhalations'. These damps supported flame, and hence they seemed to be more changed by the action of fire than any other kinds of 'aereal elements'.
Brownrigg proceeded to state that these sorts of 'disquisitions' could help in better understanding another component of the atmosphere, 'the nature and origin of that vivifying principle of the air which preserves the life of animals'. 38 He even supposed that 'some kinds of sulphureous & elastick exhalations . . . even seem in some measure fitted to supply the place of common air in respiration'. Another component of the atmosphere was that air which contributed to the 'life & growth of the vegetable creation [and] may probably be more easily detected than either of that which nourishes fire or supports the life of animals'. 39 He then returned to his medical thinking, suggesting that even noxious airs may have their uses. Choke-damps, which were continually vented to the atmosphere, lost their noxious quality by being diffused, and in this diffuse state could contribute to the health of people who breathed them. Brownrigg pointed to the town of Dissington, where many such damps were found in mines: the inhabitants were remarkably healthy and long-lived. In this way, the 'extraordinary salubrity [and] the longevity of its inhabitants has been rationally accounted for'.
A further component of the atmosphere was a saline principle that neutralized salts, corroded copper and iron, and fertilized the soil, rendering it productive. This 'universal aereal salt' was similar to choke-damp and was continuously exhaled from the Earth, entering into the composition of the atmosphere. It therefore inhibited putrefaction, as salt in the ocean did. Brownrigg finished the paper by examining how mineral exhalations could help explain the causes of such phenomena as thunder, lightning, earthquakes and volcanoes.
CONCLUSION
From 1737 to 1742 Brownrigg articulated a theory of the gaseous state and the atmosphere that would be redeveloped by Black and others after him, beginning almost 15 years after Brownrigg presented his papers. In formulating his view on elastic fluids, Brownrigg was inspired by three key sources. One was the presence and strength of damps in the mines. He and others working with him were trying to alleviate the problems that these damps were causing, and their experiments were motivated by a desire to understand the damps better for this reason. The second source was Brownrigg's medical studies. Not only did he refer extensively to the writing of Friedrich Hoffmann and others who were concerned with mineral waters, but also his own reasoning was derived from the effects of exhalations on the human body. From there he argued that these exhalations also reacted with other substances, just as solids and liquids did. The third source of Brownrigg's ideas was the work of the early pneumatic chemists, especially Hales, but also Boyle and van Helmont. Boyle's description of making hydrogen was important, as was Hales's work in showing how gases could be fixed in solids. Did Brownrigg's work have any influence on the subsequent development of pneumatic chemistry? In fact, there is a copy of at least the first two of these papers among Cavendish's papers held in the Duke of Devonshire's archive at Chatsworth. Henry Cavendish may have acquired them when Sir James Lowther, Brownrigg's patron, died in 1755, and Sir Charles Cavendish, Henry's father, became the executor of the Lowther estate because his sister had married a Lowther. In addition to possessing copies of some of the papers, Cavendish was motivated to study the nature of solids suspended in pump water in part by Brownrigg's publication of his paper on mineral waters in 1765, the same paper to which he appended part of the fourth of his papers on fire-damps. 41 This suggests that Cavendish was aware of a substantial part of Brownrigg's thoughts on airs, and so a strong possibility exists that despite his not having published these five papers, Brownrigg's ideas on pneumatic chemistry had an impact on its later evolution, perhaps influencing Cavendish's work on the composition of the atmosphere.
